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Abstract
The automotive industry is continually motivated to create products which are more
sustainable due to a combination of consumer environmental awareness and regulations
surrounding controls on carbon emissions. Sustainable automotive design often starts
with an attempt to lower vehicle weight through a material selection process, reducing
fuel consumption and thus carbon emissions. Materials such as fibre reinforced plastic
(FRP) composites are a desirable weight saving alternative to light alloys such as alu-
minium or magnesium due to their high specific mechanical properties.
However, the move to using FRPs for the mass-manufacture of automotive parts
has been hindered by a cost penalty caused by long processing times and logistical difficul-
ties associated with thermoset FRPs compared to light alloys. Fibre reinforced thermo-
plastic sheets or organosheets, provide a pathway to achieving an economical, lightweight
and sustainable composite material alternative to sheet metals. Organosheets achieve
this by overcoming the restrictions of thermoset FRPs by reducing processing times from
hours to 2-3 minutes, are reformable, recyclable and can be stored at room temperature
indefinitely. Furthermore, combining bio-derived or biodegradable thermoplastics with
natural fibres produces sustainably sourced and low embodied energy organosheets for
non-structural automotive parts.
This thesis presents a design solution for a machine to manufacture organosheets
within UQ Composites that incorporates an infrared (IR) heat rack. In addition, uni-
axial tensile testing results of biodegradable organosheets created through hand-layup
and hot-pressing using various natural fibres such as unidirectional Flax, plain-weave
Jute, chopped strand mat Hemp and Kenaf reinforced in a Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) matrix are presented.
The organosheet machine design will achieve matrix impregnation by spreading
thermoplastic powder onto fibres using powder sieves, where IR heaters will bring the
thermoplastic to its melting temperature before being squeezed into the fibres through
spring loaded rollers. The process will be driven by synchronised servo motors attached
to the powder sieves and a stepper motor attached to a main roller to adjust fibre matrix
iii
weight contents and processing speeds.
The hand-layup hot press manufacturing method to create samples for tensile
testing shows that fibre-matrix consolidation of chopped strand mat fibres and powdered
thermoplastic cannot be achieved through pressure and heat, and will not be manufac-
turable using the organosheet machine design.
The uni-axial tensile testing results of biodegradable PHBV and natural fibre
organosheets show that the longitudinal modulus, tensile strength and elongation to
break properties of Flax and Jute reinforcements are comparable to their polypropy-
lene (PP) counterparts. However, they are not capable of out-performing glass fibre PP
organosheets.
These results demonstrate that Flax and Jute PHBV organosheets offer a vi-
able replacement for non-biodegradable organosheets such as Flax or Jute PP for non-
structural automotive applications. This represents a starting point for further in-depth
research relating to the mechanical properties of biodegradable organosheets and their
production. In particular, the properties of composites which have partially biodegraded
could be tested, providing more information on the exact potential biodegradable organosheets
could achieve.
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Chapter 1
Introduction
1.1 Problem and Motivation
Fibre Reinforced Plastic (FRP) composites are stiff, strong, tough and lightweight. For
this reason, engineers and designers have chosen to replace light alloys such as magnesium,
aluminium and titanium with FRPs in many aerospace and high performance, high cost
automotive and sports applications.
The market for FRPs is dominated by synthetic fibres and thermoset resins.
When uncured, thermoset resins have a low viscosity at room temperature which allows
for convenient and reliable processing methods to impregnate fibres to manufacture a
component. These processes are economically suitable for large and complicated parts or
low-volume manufacturing. Aerospace industries have moved towards pre-impregnated
(pre-preg) thermoset tapes which can reduce manufacturing times and thus cost. How-
ever, drawbacks such as; limited storage life when refrigerated, long processing and cure
times (hours) and the non-recyclable and reformable properties of thermosets leads to dif-
ficulties in managing stock for large assemblies, excess use of energy and waste [18, 9, 1].
An alternative to thermoset FRPs are thermoplastic FRPs or Organosheets.
Organosheets can provide solutions to the problems related to the use of thermoset plas-
tics, as they can be stored indefinitely at room temperature, have fast processing cycles
(2 to 3 minutes) and can be welded, reworked and recycled [18, 9, 1]. These advantages
give organosheet composites manufacturing characteristics akin to sheet metals. There
are many types of thermoplastics available, with a wide range of mechanical properties to
choose from. Therefore, there is an increasing interest in the possibility of organosheets
offering lightweight, high strength, cost-effective solutions to the mass-manufacture of
composite parts particularly in the automotive industry where fibre reinforced thermosets
are not economical [15, 9].
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An additional future trend in the automotive industry is the use of biocomposites
using natural fibres or bioderived resins and thermoplastics. The idea of using biocompos-
ites to produce automotive parts is not new. Henry Fords plastic hemp car from 1941 is a
famous example of the strength and weight benefits biocomposites can produce over tra-
ditional engineering metals [19]. Many automotive companies including Mercedes, Audi,
General Motors use natural fibres reinforced with poly-propylene (PP) (a low cost, low
performing thermoplastic) to manufacture non-structural parts such as headliners, door
trims and boot linings [8, 6]. However, while these composites may be bio-sourced and
thus argued to be sustainable in a resource sense, they are not biodegradable.
There are currently biodegradable thermoplastics available to the market, two
most notable examples are the families of; Poly-hydroxy-alcanoate (PHA) and Poly-lactic-
acid (PLA). When used in conjunction with natural fibres, the result is a biodegradable
composite material. Few of these materials are available due to the lack of an economic
incentive to purchase thermoplastics such as PHA and PLA when compared with the
low cost of thermoplastics such as PP [16]. But with the potential to offer good me-
chanical performance, as well as a sustainable supply, recyclability and biodegradability,
consumers, designers and investors are increasingly curious about the potential use of
these materials [11].
1.2 Scope
This project consists of designing and building a machine to manufacture organosheets
within UQ Composites, with a focus on the production of biodegradable organosheets
using natural fibres and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV) thermo-
plastic powder. In addition, the project investigates the mechanical properties of various
biodegradable organosheets produced in a laboratory setting. These include a combina-
tion of unidirectional Flax, plain-weave Jute, chopped strand mat Hemp, and chopped
strand mat Kenaf fibres with PHBV thermoplastic. This investigation will outline poten-
tial opportunities as well as the limitations of these biodegradable organosheets regarding
applications in industry and provide data on processing parameters to help optimise the
organosheet machine design.
The IR heaters supplied by UQ Composites have been assessed to be unsafe to
use. Therefore, testing and optimisation using the heaters was not performed during this
thesis.
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1.2.1 In Scope
Design of an Organosheet Manufacturing Machine
Project tasks in scope regarding the design of an organosheet manufacturing machine
include:
 Design for capability to use thermoplastics which are in powder form.
 Design for capability to use woven fibres which are supplied as rovings with standard
widths of 1m - 1.7m.
 Implementation of an IR heater supplied by UQ Composites to melt the thermo-
plastic for fibre wetting.
 The design must enable easy adjustment of the distance between fibres and IR heater
for optimisation and use with different fibres, thermoplastics and temperatures.
 A control set-up enabling machine process parameters to be adjusted for use with
different fibres, thermoplastics and temperatures.
 Manufacturing of the machine to be within the capability of UQ resources.
Investigation of Biodegradable Organosheets
Project tasks in scope relating to the investigation of a biodegradable organosheets in-
clude:
 Literature review on current biodegradable thermoplastics and natural fibres.
 Investigation into the manufacturing limitations specific to natural fibres which can
be used for future optimisation of the organosheet manufacturing machine.
 Laboratory experiments to make consolidated organosheets.
 Tensile testing of laboratory produced organosheet specimens using ASTM D638
Standards.
 The natural fibres used and their fibre reinforcement forms are:
– Flax unidirectional fabric
– Jute plain-weave fabric
– Hemp chopped strand mat
– Kenaf chopped strand mat
 The family of PHA to be used as a matrix is:
– PHBV Y1010 ENMAT - Thermally Stable
3
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1.2.2 Out of Scope
Design of an Organosheet Manufacturing Machine
Project tasks out of scope of the organosheet manufacturing machine design include:
 Design for capability to use thermoplastics which are not in powder form.
 Design incorporating a heat source other than the supplied IR heat rack.
 IR heat transfer, static and dynamic modelling of the process.
 Use of fibres not supplied as rovings with widths greater than 1.7m.
 Optimisation of the designed machine.
 Electronics design associated with power supplies or control circuits.
Investigation of Biodegradable Organosheets
 Modelling of composite mechanical properties.
 Producing a functional part with biodegradable organosheets.
 Testing PHBV products other than the specific product supplied by UQ Composites.
1.3 Goals of the Project
The goals of the project are to:
1. Develop a capability to manufacture organosheets within UQ Composites.
 This machine design will have the ability to produce a pre-preg laminate sheet
product, using powder thermoplastics and fibres supplied as rovings.
2. Identify the potential use and processing parameters of various biodegradable organosheets.
 Using natural fibres such as Flax, Jute, Hemp and Kenaf consolidated in
PHBV, processing parameters for the machine design and mechanical testing
results for potential applications will be identified.
4
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Literature Review
2.1 What are Organosheets?
The definition of an organosheet is not explicitly defined within the composites indus-
try. However, the general consensus of an organosheet is typically a fibre reinforced
thermoplastic laminate sheet also refered to as ’thermoplastic composite panel products’
[18, 25, 14]. Any type of fibres can be used (carbon, glass, natural fibres) and in different
fibre forms (long, short, continuous). What defines an organosheet is the thermoplastic
matrix which allows the composite sheet to be reformed or reshaped and recycled giving
an ’organic’ type flexibility regarding processing. The ’organo’ term may be misleading
as it can easily be confused with biocomposites and green composites, definitions of which
are subsequently given. One of the aims of this thesis is to investigate the viability and
processing parameters for the manufacture of a flax-PHA green-composite-organosheet.
Biocomposites
Bio-composites are defined as a composite material consisting of natural fibres and any
type of non bio-degradable plastic matrix. [15]
Green Composites
Green composites are materials consisting of a bio-degradable plastic matrix in combina-
tion with natural fibres. [15]
2.2 Current Organosheet Products
There are many types of fibres and thermoplastics which are used in industry today.
Glass, Carbon and Aramid fibres have established properties and applications as rein-
forcements in organosheets and composite products. Due to an uprising of environmental
and sustainable awareness, there is a renewed interest in natural fibres such as Flax,
5
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Jute, Hemp or Kenaf as a potential sustainable replacement for non-structural Glass fibre
organosheet components. Thermoplastic choices are numerous, each having particular
mechanical and processing properties used for many applications. As with natural fibres,
effort to produce sustainable biodegradable thermoplastics has created products with po-
tential applications within organosheets. Thus, this section aims to identify the types
of fibres and thermoplastics which can be used to create organosheets along with their
strengths and weaknesses to gain insight into the current state of the art.
2.2.1 Common Fibres
Glass fibre (GF)
GFs constitute 95% of composite material products and can take on a variety of different
forms such as; rovings, mats, continuous/discontinuous, pre-pregs and so on. There are
three main types of glass fibers used [4, 12]:
1. E-glass: 90% of the GF market share, with a high performance to cost ratio, typically
used for general purpose applications.
2. R-glass: High mechanical performances, with applications in aeronautics and space,
sports and leisure as well as antiballistics.
3. D-glass: Holds dielectric properties with applications ranging from, electromagnetic
windows,to circuit boards.
GF organosheet products are generally chosen because they suit a wide range of
applications while remaining relatively low cost. They are established products and have
high specific mechanical properties. While there are some disadvantages such as being
relatively brittle with weak abrasive resistance, GFs remain the largest competitor against
natural fiber organosheets [4].
Carbon fibre (CF)
CFs are high performing and high cost fibers with many mechanical property advantages
over other fibers such as [4, 12]:
 High tensile strength, modulus, creep resistance, fatigue resistance and thermal
conductivity.
 Low density, coefficient of friction and thermal expansion.
Disadvantages include:
 High costs
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 Low impact strength
Particularly for high cost fibres such as CFs, organosheets offer recyclability and
the potential for waste reduction thus improving cost-effectiveness. With respect to nat-
ural fibre organosheets, CFs are used in applications where the mechanical properties of
natural fibres are not expected to reach.
Aramid fibre (AF)
AFs such as Kevlar and Twaron are typically used for mid-range to high performance
applications. They have high specific mechanical properties with advantages such as
[4, 12]:
 High specific strength, modulus, creep resistance, fatigue resistance
 Low cost (compared to CF), density (compared to CF & GF), coefficient of friction
and thermal expansion.
Disadvantages include:
 Higher cost than GF, moisture absorption, weathering and UV sensitivity, lower
thermal properties, compression and flexural strengths compared to GF and CF
and machining difficulties.
Table 2.1 shows a summary of the mechanical properties and cost of these three main
fibre types for comparison.
Table 2.1: Three Main Fibres - Comparison of Properties [4]
Fibre Properties E-glass Aramid Carbon
Density (g/cm3) 2.6 1.44 1.7-2
Tensile strength (MPa) 2000-3500 2900-3000 2000-6400
Tensile modulus (GPa) 70-73 70-130 200-590
Specific Strength (MPa) 770-1350 2000-2080 1000-3760
Specific Modulus (GPa) 28 48-90 100-300
Elongation to break (%) 3-5 2-4 0.5-2
Resistivity 1012 − 1015 5x1015 10−3
Cost ($/kg) 1.1 22-23 30-90
2.2.2 Natural Fibres
There are several categories of natural fibres which have potential use within organosheets.
Figure 2.1 shows a number of fibres categorised by their origin. Particularly plant or
vegetable bast fiber products such as Flax have already found applications as auto-interior
trimmings with a polypropylene matrix for Citroen, Renault and Opel [4, 23].
7
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Figure 2.1: Categorised natural fibres by origin [24]
Compared to GFs, natural fibres offer several advantages such as: they have high specific
strengths and stiffness, they are biodegradable, lower cost, sustainably sourced as carbon
emissions during processing is neutralised during plant growth, require lower energy for
manufacturing and are less abrasive to processing equipment [4, 23].
However disadvantages include: a performance to price ratio which can be un-
favourable for some applications, moisture heat and flame degradation, a non-linear stress-
strain response due to high plasticity, in-homogeneous structure, they are hydrophilic and
the mechanical properties vary widely depending on growing conditions, variable cross-
sectional area of the fibres and chemical composition [4, 23].
Mechanical Properties Comparison of Natural Fibres
Both the advantages and disadvantages of the mechanical properties for natural fibres are
highlighted in Figures 2.2 and 2.3, which show the relative stiffness and strength of various
fibres used in composites. The modulus of fibres such as Ramie, Flax, Hemp and Kenaf
are comparable to glass fibres, but are much lighter with generally half the density. This
is also true for the tensile strength for these natural fibres. However, the large variance of
recorded modulus and tensile strength is obvious when comparing the size of the material
bubbles with that of synthetic fibres such as Glass, Carbon and Kevlar. Safe engineering
designs is of the utmost importance, and therefore, reliability regarding the mechanical
properties of a material is needed to ensure safe designs. While natural fibres have excel-
lent specific properties, the disadvantage of large variations in these properties of natural
fibres makes them a less attractive material of choice for designing structural components.
8
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Figure 2.2: Modulus Comparison of Natural Fibres and General Fibres [16]
Figure 2.3: Tensile Strength Comparison of Natural Fibres and General Fibres [16]
9
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2.2.3 Thermoplastics
There are many types of thermoplastics available. As such, the main thermoplastics used
and sold in organosheet products are mentioned here, including an overview on bio-sourced
and biodegradable thermoplastics like Poly-hydroxy-alcanoate (PHA) as well as its close
competitors such as Poly-lactic-acid (PLA).
Table 2.2 outlines the properties of commonly used thermoplastics in organosheets.
These thermoplastics are each used for different applications which are reflected by their
mechanical properties, but are also comparable in both raw material prices and tensile
strength of common thermosetting resins such as: Phenolics (PH), Epoxies (E), Bis-
maleimides (BMI), Cyanate esters (CE), Polyimides (PI) [22].
High performing thermoplastics such as Polyether-ether-ketone (PEEK) and Poly-
phenylene-sulfide (PPS) with carbon fibres have applications in aerospace structures and
interior components, as well as high temperature environments due to their stable ther-
mal properties [3, 22]. Polyamides(PA-6, PA-66, PA-12) are often used with GFs or CFs
to produce parts with good thermal resistance, modest impact behaviour and resistance
to hydrocarbons and common solvents. PAs can also be developed using bio-renewable
resources [3]. Polycarbonates (PC) have good impact strength, wear resistance and have
an amorphous clear appearance, thus are good for finished surfaces on products.
Polypropylene (PP) is a cost effective thermoplastic used with GFs to create
parts suitable for interior or exterior automotive parts, electronics or general purpose
products [3]. It is favoured by these industries not only because of cost-effectiveness
but good processibility, mechanical properties and low density [23]. Many biocomposite
organosheets use PP as its matrix in automotive applications. Thus, a biodegradable
organosheet for automotive parts would need to compete directly with these particular
organosheets using PP.
Biodegradable Thermoplastics
Poly-lactic-acid (PLA) is a biodegradable thermoplastic from the polyester family. It is
predominantly produced using renewable resources such as corn starch or potatoes. PLA
degrades through the action of hydrolysis, and this rate of decay depends on the specific
type of PLA created in the polymerisation process as well as environmental conditions
such as temperature [10]. In addition, the mechanical properties also vary depending
on the orientation and crystallinity of the polymer. PLA is considered to have similar
characteristics of Polystyrene (PS) and perform half-way between fossil based plastics
such as PP and Polybutylene (PBT) [3]. This makes PLA an attractive thermoplastic for
10
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Table 2.2: Properties of Common Thermoplastics used in Organosheets [3]
PP PA6 PA66 PA12 PPS PC PEEK
Physical Properties
Density (g/cm3) 0.9-0.91 1.12-1.14 1.13-1.15 1.01-1.06 1.35-1.5 1.2-1.22 1.27-1.32
Shrinkage (%) 1.0-3.0 0.5-1.5 0.7-3.0 0.7-1.5 0.6-1.4 0.6-0.8 1.1
Absorption of water (%) 0.01-0.1 1.6-1.9 1.0-3.0 0.2-0.4 0.01-0.07 0.16-0.35 0.1-0.5
Mechanical Properties
Yield Stress (MPa) 35-40 50-90 45-85 50-65 50-80 55-65
Tensile Strength (MPa) 20-40 50-95 50-95 50-65 1-4 55-75 70-100
Elongation at break (%) 150-600 200-300 150-300 250-400 50-80 80-150 30-150
Tensile Modulus (GPa) 1.1-1.6 0.8-2.0 1.0-3.5 0.9-1.2 3.3-4.0 2.0-2.4 3.6-3.9
Flexural Modulus (GPa) 1.2-1.6 0.8-2.0 0.8-3.0 0.9-1.2 3.8-4.2 2.3 3.7-3.9
Thermal Properties
Tm (°C) 168-173 215-220 250-265 175-190 275-290 155-225 334-374
Tg (°C) -10 48 50 52 90 147 143
Tprocess (°C) 190 245 290 224 325 300 340
organosheets with natural fibres for the automotive industry, where several developments
are being made by researchers to determine the appropriate manufacturing methods [23].
Poly-hydroxy-alcanoate (PHA) is a biodegradable thermoplastic derived through
bacterial fermentation of sugars or lipids. PHA has better thermal resistance, flexibility
and wear resistance than PLA [17]. Thus, PHA research and development as well as
production is increasing due to these improved properties [17]. In addition, PHA is used
in conjunction with PLA to improve the properties for specific manufacturing techniques
such as injection molding. PHA can be degraded by bacteria which are present in soil
and water. Much like PLA, the mechanical and biodegradable properties depend on the
type of PHA produced, as monomers can be added to the neat material to give different
mechanical properties [17]. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV) pro-
duced by ENMAT (product code: Y1010P), is one such substrate of PHA. This will be
combined with various natural fibres and processed to create an organosheet in this thesis.
Table 2.3 outlines the mechanical properties of PLA and PHA in neat form and PHBV.
Table 2.3: Comparison of raw material properties of PLA and PHA [17, 7]
Property PLA PHA PHBV
Melt temperature (°C) 188-210 145 - 155 170 - 176
Degradation temperature (°C) 200 200 185
Tensile strength at break (MPa) 48 35 39
Tensile elongation at break (%) 2.5 2 2
Tensile modulus (MPa) 2700 2950 2800 - 3500
Heat deflection temperature (°C) 60 72.5 n/a
Density 1.24 1.25 n/a
Melt flow index (190°C/2.16 kg)(g/600s) 30-40 15-30 5 - 15
Biodegradable thermoplastics are relatively new to the plastics and composites
industry. Products such as PLA and PHA are proving to compete with common engineer-
11
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ing thermoplastics such as PP regarding mechanical properties. Thus, the combination
of these thermoplastics with natural fibres has a number of key environmental benefits,
and also meet the required mechanical properties to be applied in meaningful applica-
tions [23, 2]. However, due to economies of scale, these relatively new biodegradable
thermoplastics are comparatively expensive. Figure 2.4 highlights the cost of various
thermoplastics and thermosets. It shows that PHA is five times the cost of PP, and twice
the cost of common thermosets such as epoxy resin.
Figure 2.4: Price of various thermoplastics and thermosets per unit volume [16]
2.2.4 Commercially Available Organosheets
Examples of the types of organosheets commercially available using different thermoplas-
tics and fibres are summarised in Table 2.4. The products are split into two categories,
biodegradable organosheets and non-biodegradable organosheets.
2.3 Applications of Organosheets
Organosheets can be used in a variety of different applications. While attractive in terms
of mechanical properties relating to the choice of thermoplastic and fibre mix, the key
advantages to industry lie in their manufacturing features which overcome many of the
disadvantages of thermoset composite panel products. These include [18, 9, 1]:
 Unlimited shelf life
 Ability to reheat, reform and reshape the material
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 Fast production cycle times (typically 2 - 3 mins)
 Recyclability
 Forming in multiple steps and weldable
These advantages of organosheets make composites a viable option for the mass manufac-
ture of many applications where high specific mechanical properties are desired [18, 9, 1].
2.3.1 General Fibre Organosheets
Organosheets have made their way into the market from two ends of the cost-performance
spectrum; high cost/high performing aerospace applications and low cost/low performing
automotive applications. Automotive applications have been a key driver for the growth
in thermoplastic developments where a reduction in vehicle weight and flexible manu-
facturing processes are essential [9]. Low cost/low performance organosheets using glass
fibres and polypropylene (PP) are used to create parts as outlined by Figure 2.5.
Figure 2.5: Automotive Applications of Glass-PP Organosheets [9]
On the other hand, high cost/high performing organosheets using carbon fibres
with polyphenylene sulphide (PPS), polyether-ether-ketone (PEEK) and polyetherimide
(PEI) are developed with the motivation for use in aerospace applications. Figure 2.6
shows various components by Cetex® made with PPS, PEI carbon organosheets for the
Airbus A380. These include rudder nose ribs, fixed wing leading edge, wind access panels,
keel beam ribs, pylon panels, passenger doors and engine air intakes [9].
14
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Figure 2.6: Aerospace applications of High Performing Organosheets [9]
2.3.2 Natural Fibre Organosheets
Automotive was the largest market for natural fibre organosheet composites in 2016 [15].
The motivation to use natural fibres in the automotive industry is expected to continue
to grow as natural fibres are gaining preference over glass fibres for a number of reasons
including:
1. Source - natural fibres are a renewable source
2. Properties - light weight, high specific strengths, low consumption of energy and a
low cost product
3. Volatility in oil prices - sustainability market is advantaged
4. Recycling and marketing incentives - consumers are demanding more ’green’ prod-
ucts
Automotive parts such as door trims, panels, boot liners, boot lids, package trays,
seat backs, spare tire lining and noise insulating panels are all products being produced
using natural fibre organosheets. Fibres of choice for these components are predominantly
Flax, Sisal, Kenaf or Hemp in a PP matrix [15, 24].
2.4 Mechanical Properties of Organosheets
An aim of this thesis is to design a machine with the capability to manufacture organosheets
within UQ Composites. This design will have the ability to produce a pre-preg laminate
15
CHAPTER 2. LITERATURE REVIEW
sheet product, using powder thermoplastics and fibres supplied as rovings. The mechan-
ical properties of this produced organosheet will depend on a number of factors which
include [12]:
 fibre matrix volume content
 fibre wetting
 interface bonding between the matrix and fibres
 weave of the cloth and orientation of fibres
 interaction between the matrix/fibres and the machine components
 pre-fibre treatments and moisture content
After such pre-preg organosheet is produced, it will be further processed to make a part.
Therefore it is also important to assess whether or not the consolidation of two lamina
organosheets is sufficient after processing, since the adherence between lamina sheets
affects the following properties of a bulk laminate part [12]:
 interlamina shear strength
 fatigue and crack propagation
 strength and toughness
This section aims to outline the mechanical properties achieved with current
products available and how depending factors can affect the mechanical properties of a
processed and post-processed organosheet in order to develop a suitable manufacturing
process to complete the goal of this project.
2.4.1 Mechanical Properties of Available Organosheet Products
Table 2.5 outlines the mechanical properties of various Carbon, Glass and Flax organosheets
available. In the context of automotive applications and biodegradable organosheets, me-
chanical properties achieved with Glass/PP, Flax/PP and Flax/PLA are shown. The
Flax/PLA mix has better mechanical properties than a Flax/PP sheet, while Glass/PP
is best. There is currently no natural fibre PHBV combination available, so these val-
ues provide a benchmark for mechanical properties testing of the various biodegradable
organosheets produced in this thesis.
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Table 2.5: Mechanical Properties of Available Organosheets - Tested in Longitudinal
direction
Fibre/Matrix
Fibre
Volume
Fraction
(%)
Density
(g/cmˆ3)
Tensile
Modulus
(GPa)
Tensile
Strength
(MPa)
Elongation
(%)
Flexural
Modulus
(GPa)
Flexural
Strength
(MPa
Test
Method
Supplier
Flax2x2
Twill/PLA
40 1.33 14 110 1.60% 7.1 123 ISO Biotex
Flax2x2
Twill/PP
40 1.04 8.1 64 1.90% 5.2 66 ISO Biotex
Glass2x2
Twill/PP
47 1.68 20.5 400 n/a 17.5 370 ISO
Dynalite
Tepex
Glass2x2
Twill/PA6
47 1.8 22.4 404 2.2 19.2 620 ISO Dynalite
Carbon2x2
Twill/PA6
45 1.43 53 785 2.1 45.5 760 ISO TenCate
Carbon/PEEK
TC1200
50 n/a 56.1 776 n/a 46.3 859 ISO/EN TenCate
Carbon/PPS
T300JB 3K
50 n/a 54 592 n/a 52 854 ISO/EN TenCate
Glass/PPS
7781-8HS
n/a 1.93 23 324 n/a 24 489 ISO/EN TenCate
Carbon/PEI
T300J-3K
50 n/a 54 592 n/a 52 854 ISO/EN TenCate
Glass/PEI
7781-8HS
n/a 1.93 26 484 n/a 28 669 ISO/EN TenCate
2.4.2 Roles of the Matrix and Fibres of a FRP
Materials are only as strong as their weakest link, in the case of glass or ceramics this is
represented by the length of the size of their flaws. Fibres offer the advantage of reducing
these flaw sizes by reducing the size of the bulk material itself such that the variability
in flaw sizes is reduced, and subsequently the strength of the material edges closer to the
theoretical bonding strength of the atoms. For example glass fibres are 10µm thick, such
fibres are 50 times stronger than their bulk counterparts [12]. Fibres become increasingly
stronger with a reduction in size due to the control of which is placed over their flaws,
however these fibres have no meaningful application without a matrix to consolidate them.
The matrix of a composite has many functions and affects the final mechanical
properties of the product. The prime function of the matrix is to bind the fibres together
and to act as the load-transfer medium for the fibres. Another role of the matrix is to
segregate each fibre so that the fibres act as separate entities, making it difficult for cracks
to propagate through the material resulting in less brittle composites. The matrix also
provides protection for the fibres against the environment, depending on the matrix the
composite can have the ability to withstand high temperatures, abrasion or moisture ab-
sorption. Furthermore, the strength of the interfacial bonding between matrix and fibres
is related to the composite’s toughness [12].
The mechanical properties as a result of the combination of the fibres and matrix
are dependent on both the individual fibres and matrix properties and importantly the
17
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interfacial bonding between them. Therefore, regarding the aim of this thesis to design an
organosheet manufacturing machine, it is essential that the process of this combination
should be designed with a focus on ensuring a well bonded and wetted organosheet.
2.4.3 Properties of Natural Fibres
Plant fibres are themselves composites of tubular fibrils made from crystalline cellulose
molecules in an amorphous matrix region of hemicellulose and lignin. The fibril has multi-
ple substructures of inner walls where the crystalline cellulose is helically arranged about
the fibre axis at an angle known as the microfibril angle. It is these inner substructures
which determine the mechanical properties of the fiber, as the helical arrangement makes
it difficult to unravel the fibrils, giving the fibre its tensile strength [24, 13, 23]. Properties
for individual fibres such as the microfibril angle, degree of polymerisation of the cellulose
and the volume fraction of the cellulose and its hemicellulose and lignin matrix all effect
the mechanical properties of the fibre. Hence, this is why these properties vary widely
because they are depended on growing conditions which are subject to constant variation
[24].
Interface of Natural Fibre Reinforced Plastics
Natural fibres are hydrophilic due to the presence of hydroxyl groups in its cell struc-
ture, while many thermoplastic matrices are hydrophobic. These opposite qualities pose
difficulties for an effective interfacial bonding during processing. Coupling agents have
been used to try and improve this bonding, however have not proved to be substantially
successful [23, 13]. On the other hand, compatibilizers have been shown to improve this
interfacial bonding, but the resulting composite would not be biodegradable [13].
Moisture Control of Natural Fibres
Moisture absorption of natural fibres is also a problem due to their hydrophilic nature.
The moisture content of the fibres reduces the modulus of the material while increasing
non-linearity and variability in the mechanical properties [23]. Therefore drying natural
fibres and the polymer matrix is recommended before processing.
Heat Degradation of Natural Fibres
One disadvantage of natural fibres is that their mechanical properties degrade when heated
to a range of 150 - 200°C [21]. Overheating of the fibres causes physcial and chemical
changes within the cellulosic structure of the fibres such as, deloplymerization, hydrolysis,
oxidation, dehydration, decarboxylation and recrystallisation [23]. This limits the choice
18
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of thermoplastics which can be used as a matrix for natural fibre composites, as the pro-
cessing temperature of the thermoplastic needs to be below critical temperature ranges of
the fibres to avoid damage [24]. The difficultly of this match-up is exacerbated when con-
sidering the thermoplastic must have reasonable properties at application temperatures
for the composite to be viable. Furthermore, the consolidation of a natural fibre pre-preg
would require further heating and possible degradation to the overall mechanical proper-
ties of the composite. Thus, these factors need to be taken into account when processing
a natural fibre organosheet to ensure consistent mechanical properties.
2.5 Methods of Fabrication of Organosheets
2.5.1 Solution Impregnation Process
A solution impregnation process takes fibre tows or fabrics and runs these through a
polymer solution, where after the solvent is evaporated by heat, leaving the thermoplastic
polymer impregnated into the fibres producing an organosheet. This is a relatively simple
process, however, removing 100% of the solvent is hard to achieve which can lead to
voids and the requirement for further processing to remove them. In addition, only
amorphous thermoplastics can be used in the solution impregnation process as semi-
crystalline thermoplastics do not dissolve in solvents [19, 5].
2.5.2 Semi-prepreg Processing
Semi-preimpregnated thermoplastic sheets can be made by sandwiching fabrics with ther-
moplastic films and applying heat and pressure. This produces a partially impregnated
(semi-prepreg) organosheet. Further heat and pressure applied to these organosheets
when forming a part fully impregnates the fibres. An advantage of this manufacturing
method is the option to semi-impregnate one side or both sides of the fabric, allowing
more flexible fabrics to form curved shapes without the application of much heat where
fully impregnated organosheets are stiffer [19, 5].
2.5.3 Commingled Fabrics Processing
Commingled fabrics are manufactured by weaving polymer fibres and reinforcing fibres
to form a fabric. Upon the application of heat and pressure, the polymer fibres melt to
form the matrix of the composite. This is an expensive process as the thermoplastics
need to be first processed into fibres. In addition, not all thermoplastics can be processed
into fibres which limits the types of composites possible. However, advantages relate to
19
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the drape-ability of the composite fabrics created as the polymer fibres allow for greater
flexibility [19, 5].
2.5.4 Powder Coating
For thermoplastics in powder form, a powder coating or impregnation method is used.
The process takes fibre tows which are put under tension and passed through a fluidised
powder bed. A small voltage is applied across the chamber to electrify the fibres and
through electrostatic attraction the powder thermoplastic sticks to the fibres. The fibre
tow is then squeezed through a hot die and cooled to form a consolidated fibre. These
fibres are then woven to form an organosheet product. Because these organosheets are in
fabric form, they have good drape-ability [19, 5].
2.5.5 Manufacturing Process Scope
In context of the aim of this thesis to design a machine to produce organosheets using an IR
heater and powdered thermoplastic, the current methods aforementioned are out of scope.
Powder coating provides insight into how industry utilises thermoplastics in powder form,
however the scope of the design is to use fibres already in fabric form. For similar reasons,
semi-prepreg and commingled fabrics methods are also out of scope. PHA is soluble in
chloroform and other chlorinated hydrocarbons [20], making solution impregnation process
possible, however the added complexity and the scale of what is expected makes this
process out of scope. However, the important aspect of each manufacturing approach is
to overcome the general low viscosity of thermoplastics and ensure that the thermoplastic
is well mixed with the fibres before heating and consolidation. Therefore, this should be
a focus of the design.
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Organosheet Machine Design
3.1 Problem Definition
A goal of this thesis is to develop the capability to manufacture organosheets within
UQ Composites. The design problem consists of retro-fitting an existing IR heat rack
(Figure 3.1) supplied by the University of Queensland with components which will satisfy
this goal. The design must be able to produce organosheets using standard size rolls of
various types of fibres, and using thermoplastics which are in powder form. Therefore, the
overall functionality of the machine will take woven or mat rolls of fibres and consolidate
these with a thermoplastic in powder form, producing a roll of organosheet, whereby
organosheets can be cut from and processed further to produce composite components.
Figure 3.1: Infra-Red Heat Rack (dimensions in mm)
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3.1.1 User Requirements
A list of user requirements as described by UQ Composites which the design must meet
are listed in Table 3.1.
Table 3.1: User requirements for an organosheet machine design
ID Parameter Requirement
UR1 Heating
The design must be retro-fitted to an existing IR Heat Rack (dimensions
given in Figure 3.1)
UR2 Fibres
The machine must be able to process fibres rolls supplied with standard
widths of 1m - 1.7m
UR3 Thermoplastics The machine must be able to process thermoplastics in powdered form
UR4 Degrees of Freedom
Vertical movement between the processing section and IR heaters for
adjusting heat transfer
UR5 Degrees of Freedom
Horizontal movement of processing section must be incorporated in the
design
UR6 Automation The processing must be automated
UR7 Machine Control The machine parameters such as speed must be controllable via a computer
3.1.2 System Requirements
A process flow chart showing the required stages of the organosheet manufacturing process
is outlined in Figure 3.2. These stages have been adapted from the processes outlined
in the literature review to accommodate the particular user requirements for this ma-
chine. The system requirements listed in Table 3.2 outline how these stages and the user
requirements will be met by the design.
Figure 3.2: Organosheet Manufacturing Flow Chart
3.1.3 Resource Availability
There are several material and equipment resources available within UQ Composites which
have influenced the scope of the design as well as how parts for and the machine can be
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Table 3.2: System requirements for an organosheet machine design
ID Parameter Description
SR1 Fibre Rolls
The machine has a mounting point where any fibre roll of standard width
(1m - 1.7m) can be slotted into place for processing
SR2 Powder Dispenser
Powder sieves, connected with servo motors, driven by an arduino,
synchronously drop thermoplastic onto the fibres for processing
SR3 Tensioners
The machine is equipt with several rollers mounted on pillow block
bearings in locations to keep the fibres flat and tensioned throughout
processing
SR4 Consolidation
The machine uses spring loaded rollers to apply pressure to a wetted
organosheet to help consolidation
SR5 Degree of Freedom
The tensioner rollers, consolidation rollers, and mounting point for
fibres will be placed onto a sub-frame, which can be bolted at any height of
the rack frame
SR6 Drive System
A high torque low speed stepper motor will drive the fibres, high holding
torque of the stepper motor will ensure tension with the machine stopped
SR7 Control
The motor is controlled using an arduino connected to a computer for
controlling the speed of the stepper motor and servo motors for processing
SR8 Waste
The machine is equipt with a tray to catch unused powder or melted
thermoplastic
constructed. These resources were prioritised since they were directly accessible at no
upfront cost.
Materials
 Modular aluminium extrusions (Figure 3.3) were available to construct the frame of
the organosheet machine. The design of subsequent brackets and rollers are made
such that they can be mounted to these extrusions.
 Sheet aluminium (1600x1200x4.5mm) and stainless steel sheeting (1600x1200x3mm)
were available. These sheets were used to make brackets for connecting the modular
aluminium extrusions.
Figure 3.3: Aluminium extrusion cross-section (60x60mm)
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Equipment
 Water-jet-cutting is available to cut sheet metals. This was used to produce many
of the brackets used for the design.
3.2 Design Overview
Figure 3.4: Design Overview - Isometric
3.2.1 Roller Frame
The roller frame (Figure 3.5), made from two 60x60x1400mm aluminium extrusions, pro-
vides mounting points for the fibre rolls, tensioner roller assemblies, consolidation roller
assemblies and the waste tray. Four rack mounting brackets connect the roller frame to
the IR heat rack using M10x75mm bolts. The frame sits on the inside of the IR heat rack
(as seen in Figure 3.4), as the control box inhibits the outside of the rack to be used. This
limits the roller frame width and thus the maximum processing width to 1725mm.
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Figure 3.5: Roller Frame - Isometric
Rack Mounting Bracket
The rack mounting bracket shown in Figure 3.5 is used to connect the roller frame to the
IR heat rack at various vertical mounting points and thus takes the weight of the roller
frame assembly. This bracket is a heavy duty galvanised steel angle bracket available at
Bunnings warehouse. It has been chosen because it meets load requirements, deflection
requirements, the bracket is cheap, easily adaptable and can be procured locally. The
maximum load that one bracket can take before yielding is 1690 N or 170kg, far more
than required. The deflection of one bracket loaded with 20kg is 0.013mm, thus, allowing
little deflection so the bearing components on the frame can easily meet dimensional
requirements. The bracket fastens to the roller frame with four M6x12mm bolts, and
fastens to the IR rack frame with two M10x75mm bolts. The bracket comes stock with
a 12mm hole in the center which has no function, thus the holes needed for these bolts
must be drilled.
Fibre Mounts
The fibre rolls at UQ Composites are placed on a standard steel tube with a 28.7mm
diameter when being stored or rolled out for cutting. The fibre mounts which are fastened
to the roller frame are made to accommodate this standard tube size by using three
brackets to form a ’U’ shape so that the fibre rolls can be easily slotted into place and
removed. This also allows there to be contact between the steel tubing and the mounts,
creating resistance against rolling out the fibres, enough to provide additional tension in
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the fibres during processing. These fibre mounts can be moved along the roller frame’s
aluminium profiling to adjust the position of the fibre roll relative to the first tensioner
roller. The brackets are fastened using M6x10mm bolts.
Waste Tray
A waste tray design made from either sheet metal (if available) or plywood sheeting is
shown in Figure 3.6. The wast tray fits between the roller frame aluminium extrusions
and is fastened to the profiles by M6 bolts through the angle bracket shown in the Figure.
This design allows the waste tray to slide in and out of underneath the processing area
for cleaning. Since the sheet will deflect under its own weight, a stiffening rib (’T-shape’)
is fastened to the sheet to increase its stiffness.
Figure 3.6: Waste Tray (dimensions in mm)
3.2.2 Tensioner Rollers
Two tensioner rollers (Figure 3.7) are placed onto the roller frame. The first (connected
next to the fibre mount) ensures that the fibres remain flat during powder dispensing and
heating. The second (located after the consolidation roller) allows the fibres to remain flat
during consolidation, and provides tension while the processed fibres and thermoplastic is
being cooled and rolled up (Figure 3.5). The tensioner rollers are made from PVC piping
(66x1x1625mm), steel tubing (25.4x1.2x2000mm), two plywood hubs and teflon tape.
Figure 3.7: Tensioner Roller With Section View (dimensions in mm)
Steel tubing with a diameter of 25.4mm was chosen because it is easily sourced,
inexpensive and can be mounted on standard sized bearings to be used as a shaft. In addi-
tion, tubing provides a more efficient shape regarding stiffness and weight when compared
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to a solid shaft. PVC piping is used for identical reasons, however its function is to increase
the radius of the shaft to allow for both more tension and for the use of the consolidation
roller such that two tension rollers can contact without bearing assemblies contacting. To
incorporate the PVC piping, two plywood hubs are used which slide onto the steel tubing
and into the PVC inner diameter at each end. Teflon tape is then stuck to the outside
of the PVC pipe to resist heating and provide a non-stick surface for melted thermoplastic.
The tensioner rollers are fastened to the roller frame through an assembly of parts
comprising of: 25.4mm pillow block bearings, water-jet cut brackets, shaft clamp-collar
and M6xmm bolts. Figure 3.8 shows the assembly.
Figure 3.8: Connection Assembly for Tensioner Rollers
Bearings
The pillow block bearings (Figure 3.9) sourced for this design are made from steel with an
aluminium housing. They support a static load of 96kg and a dynamic load of 220kg, thus,
these bearings will be able to withstand a maximum estimated load per bearing of 20kg.
Being pillow block bearings, they are easy to mount onto a custom made bracket, and can
be used for tensioner rollers, consolidation rollers and the main drive roller. Therefore, no
other bearing is needed for different tasks on the machine. In comparison to other types of
pillow block bearings, these bearings were the most compact. While others could handle
more load, they were also bulkier and made it difficult to design a consolidation roller for
which the bearing housings did not touch. In addition, the price of these bearings are
relatively cheap. Thus, these bearings were chosen for the design.
Tension Roller Bracket
The available sheet metal materials within UQ’s resources in conjunction with a water-
jet-cutter was used to create the brackets used for the tension rollers. This specific bracket
shown in Figure 3.10 utilises the stainless steel 3mm thick sheeting. Holes for fastening
the bearing assembly sit off the edge of the rack roller by 7.5mm. While this creates
an unwanted cantilever load onto the bracket, it allows the bearings and clamp-collar
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Figure 3.9: Pillow Block Bearing (dimensions in mm)
to be easily fastened to the bracket and shaft without complicating the design. Thus,
it is a compromise between some deflection of the bracket and simplicity of design and
construction. The deflection is calculated to be 0.002mm with a load of 50kg, therefore,
with such little deflection caused by the cantilever the compromise is justified.
Figure 3.10: Tensioner Roller Bracket Assembly (dimensions in mm)
3.2.3 Consolidation Roller
The purpose of the consolidation roller is to apply pressure to wetted fibres to help
fibre-matrix consolidation. This is achieved by using a spring mechanism outlined in
Figure 3.11. The mechanism consists of a bracket protruding from a consolidation roller
assembly which acts as a lever arm connected to a spring and spring tensioner. Thus,
when tightened it forces two tensioner rollers together, applying pressure to the wetted
fibres to help consolidation.
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Figure 3.11: Consolidation Roller with Spring Mechanism Overview
Consolidation Roller Assembly
The consolidation roller assembly seen in Figure 3.12 is made up of an aluminium extrusion
cut to a length of 70mm, with a M10x150mm bolt acting as a pin slotted through the
IR heat rack frame and the extrusion. A locking nut and washers are used so that the
extrusion can be tightened to leave a small gap. This allows for the assembly to rotate
under the force of the spring and lever arm seen in Figure 3.11. The aluminium extrusion
has four holes on its end which have been tap threaded to attach the bracket-bearing
assembly and the tensioner roller.
Figure 3.12: Consolidation Roller Assembly (dimensions in mm)
Spring Bracket
The spring bracket seen in Figure 3.11 acts as a lever arm and spring connection for the
spring to provide a consolidating force onto the consolidation rollers. It has been designed
using available 3mm stainless steel sheet metal with mounting holes to be connected to
the consolidation roller assembly. In addition, two grooves were cut into the bracket to
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allow multiple size springs available at Bunnings with a hook diameter of 5 - 36mm and
cord thickness 10mm. By inserting the spring through the first connection then rotating
it 90 degrees and slotting it through the second, the spring is safely attached in place.
Spring Tensioner
The spring tensioner (Figure 3.13) is a mechanism for attaching and setting the spring
tension between the consolidation rollers. M6x60mm bolts are fastened into the roller
frame underneath the spring bracket, a spring is then connected to the steel bracket.
A locking nut sets the maximum vertical displacement the spring can travel, while the
tensioner nut is tightened to set the spring and steel brackets vertical location. Thus,
in conjunction with the spring bracket, this mechanism provides a way to adjust tension
in the spring and enable the use of multiple springs sizes for optimising different fibre
processing parameters.
Figure 3.13: Spring Tensioner
3.2.4 Drive Roller
The drive roller (Figure 3.14) drives the fibres through the system for processing and is
where the organosheet is rolled up after processing. It is an independent component to
the machine and can be moved relative to the IR rack frame to change drying time for
the organosheets before roll-up. This approach allows a less complicated design for the
roller frame, as the roller frame size can then be minimised as well as the weight it would
otherwise need to carry.
The drive roller is made from 60x60 aluminium extrusions, connected by brackets
designed and water-jet cut using 3mm stainless steel sheeting. The drive system and large
roller is offset to the back of the drive roller to help counter-act any pivoting about the
front of the frame caused by the tension in the fibres pulling the drive roller. Fourty-five
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degree extrusions are added to give strength and stiffness to the frame.
Figure 3.14: Drive Roller (dimensions in mm)
Large Roller Assembly
The large roller seen in Figure 3.14 is a tensioner roller as described in 3.2.2, but with
151mm outside diameter PVC piping instead of 66mm. In addition, the plywood hubs are
larger to accomodate this larger piping. The larger piping is used here to reduce stress
on the consolidated rolled up organosheets by increasing the rolling radius, because at
this stage in the process the thermoplastic will have solidified and resist being rolled up.
In addition, larger outer radius piping reduces deflection and increases failure loads by
increasing second moments and section modulus. The exact size of 151mm was chosen as
this was the largest size procurable from Bunnings Warehouse.
The large roller is connected to the drive roller frame using the same bearing
bracket assembly as the consolidation roller (Figure 3.12) with tapped threads on the
end of the extrusion. This simplifies the design and makes the design cheaper as new
components are not needed (the bearings and brackets are homogenised). However, to
use the organosheets they will need to be manually rolled off onto another roller for storage
as the large roller is then fixed in place.
3.2.5 Motors Gears and Pulleys
The fibres need to be driven through the IR heat rack for processing with sufficient torque
at a low speed of which can be changed to adjust heat transfer rates to optimise various
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combinations of fibres and thermoplastics. There are motors gears and pulleys available
within the UQ Composites workshop which will be implemented for this purpose. The
motor available is a 24V stepper motor, which has approximately 2.5 Nm of torque and
runs at 4.5A.
3.2.6 Powder Dispenser
A key component to the organosheet machine design is a device which can dispense the
PHBV powder onto the fibres before being processed through the IR heater. The proposed
solution implements a powder sieve used for baking. Figure 3.15a shows a semi-automatic
powder sieve purchasable from Kmart for $7.00. This device works well when tested to
evenly distribute PHBV powder, due to the two rotating hexagons and multiple mesh
layers which work to squeeze the powder through without clumping or compacting it.
To implement this device to work automatically, a servo motor could be attached to the
lever. The speed of which can be controlled and synchronised with the drive roller to
adjust powder weight % dispersed onto the fibres.
Figure 3.15b shows a configuration for the set-up. Using a central 30x30 alu-
minium extrusion which spans the machine the powder sieves can be mounted. An im-
portant aspect for processing and to minimise powder pollution is the need for the powder
dispensers to be as close to the fibres as possible. This will reduce the possibility of the
powders contaminating the air as they fall as well as placing the powder onto the fibres
close to the processing zone. However, doing this means that the dispensers are vulnerable
from heating up due to them being close to and underneath the IR heaters. Thus, a heat
shield made from sheet metal in the workshop is proposed to help reduce this risk.
(a) Testing PHBV in
Sieve (b) Multiple Sieve Configuration
Figure 3.15: Powder Sieve Concept
A vibration type device was considered for a powder dispensing option. However,
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the particle size for PHBV is quite small, and upon vibration PHBV compacts easily,
making it difficult to dispense. It would also be difficult to control the rate of powder
dispensing through vibration alone, leading to hard to control fibre/matrix weight %
contents and expensive to implement.
3.2.7 Infrared Heaters
Currently the IR heaters are unsafe to be used in operation. The cost to replace these
heaters is significant and the choice of heaters is not finalised. Therefore, the future imple-
mentation of this design will need to consider the dimensions and heating characteristics
of the new heaters purchased.
3.2.8 Component Costs
A list of components purchased along with their source is detailed in appendix section
A.2. Table 3.3 summarises a list of these components and their costs for this design.
Table 3.3: List of Components Required for Purchasing
# Online Components (OC) Number Required Unit cost (USD) Total cost (USD)
1 Bottom Tapped Pillow Block Bearing 10 $7.98 $79.80
2 Clamp Collar 10 $7.99 $79.90
3 6-32 UNC Hex Screw 20 $0.15 $3.00
4 Shipping 1 $46.50
TOTAL COST OC $209.20
# Bunnings Components (BC) Number Required Unit cost (AUS) Total cost (AUS)
5 Steel Round Tube 25.4mm 10m $14.38/3m $71.90
6 PVC Pipe 66mm x 6m 8m $28.90/3m $115.60
7 PVC Pipe 151mm x 1m 2m $24/m $48
8 Ply Wood Panel 897x600x12mm 1 $19 $19
9 90 Degree Bracket 4 $3.45 $13.80
10 Reinforcing Bracket 4 $3.49 $13.96
TOTAL COST BC $282.26
# Fasteners (FA) Number Required Unit cost (AUS) Total cost (AUS)
11 M10x130mm Bolt & Nut 2 $2.75 $5.50
12 M10x75mm 8 $1.65 $13.20
13 M6x12mm 118 $0.99 $117.06
14 M6 square nut 118 Workshop Workshop
15 M8x50mm 16 $5.96 $95.36
16 M6x60mm 4 $3.22 $12.88
TOTAL COST FA $244.00
USD/AUD Exchange Rate 30/09/2017 1.28
TOTAL PARTS COST (AUS) $794.03
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Chapter 4
Biodegradable Organosheet
Experimentation
4.1 Introduction
Biodegradable organosheet samples using various natural fibres such as Jute, Kenaf, Hemp
and Flax in a matrix of PHBV thermoplastic have been made in the UQ Composites Lab-
oratory. These samples have been tested to provide information about the mechanical
properties achievable for such biodegradable organosheets and thus the sorts of applica-
tions these composites could be used for. The samples created needed to be consolidated
organosheets 2mm thick, and in a square shape, to be laser cut into tensile test specimens.
The aims of this experiment were to:
1. Determine a suitable method to create samples which will be representative of a
consolidated organosheet part, and therefore, produce valid results when tested for
mechanical properties.
2. Use this method to produce eight square samples 2mm thick of Jute, Kenaf, Hemp
and Flax reinforced PHBV thermoplastic composites, corresponding to fibre weight
contents of 50% and 40% for each combination.
3. Identify any processing parameters or limitations which may help the optimisation
of the proposed organosheet manufacturing machine design.
4.1.1 Natural Fibre Properties
The natural fibres used to create these samples are summarised in Table 4.1. A variety
of fibre types were chosen to investigate the potential applications these fibre types may
have in industry as well as what was available within UQ Composites resources. Both
natural fibre mats (being relatively low cost), unidirectional and plain weave fibres have
been chosen.
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Table 4.1: Properties of Natural Fibres Used to Create Consolidated Organosheets
Fibre Source Reinforcement Form Areal Weight
Flax Unidirectional Fabric
Jute Biotex Plain Weave (1x1) 500 gsm
Hemp Composites Innovation Chopped Strand Mat 500 gsm
Kenaf Chopped Strand Mat
4.1.2 PHBV Matrix Properties
PHBV ENMAT Thermoplastic Resin Y1010 is a thermally stable strand of PHA in powder
form at room temperature. The organosheet manufacturing machine design focuses on
the processing of thermoplastics in powder form, particularly the use of PHBV to create
biodegradable organosheets. The properties of this thermoplastic are summarised in Table
4.2.
Table 4.2: PHBV Matrix Properties Table
PHBV ENMAT Thermoplastics Resin Y1010
Specific Gravity 1.25
Melt Flow Index 5-15
Yield Stress (MPa) 31-36
Tensile Strength (MPa) 39
Elongation at Break (%) 2
Young’s Moduls (MPa) 2800-2500
Flexural Modulus (MPa) 3520-4170
Vicat Softening Temperature (°C) 166
Notched Izod Impact (J/m) 22
DSC Melting Point (°C) 170-176
4.2 Methods
Two methods were used to create a consolidated organosheet panel for mechanical prop-
erties testing. These two methods are:
1. Achieve fibre wet-out of a single lamina of natural fibre reinforced powdered PHBV
thermoplastic using a convection oven. Then consolidating these single lamina sheets
using a hot-press. This method was tested as this represents the two heat cycles
an organosheet would undergo to produce a consolidated part; the manufacture of
a single lamina organosheet (fibre wet-out), then further heating for consolidation
(thermoforming).
2. Achieve full consolidation in a one-step process via a layup of natural fibres and
PHBV thermoplastic powder placed directly into a hot-press.
The details of these methods are subsequently described.
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4.2.1 Convection Oven Wet-out to Hot-press Consolidation
A square area of 250 by 250 mm (the limiting area of the hot-press) was measured and
cut from a roll of each of the fibres. The weight of the cut fibre section was measured to
calculate the weight fraction of PHBV powder needed for one layer. The measured PHBV
powder was then evenly spread over the square section of fibres which was clamped on-
top a baking tray to allow heat flow underneath the fabric and catch any melting PHBV.
Figure 4.1 shows the configuration.
(a) Single flax fibre section with PHBV powder (b) Convection oven used for wet-out
Figure 4.1: Set-up for convection oven wet-out approach
The oven was set above the melting temperature (170-176 °C) of the PHBV
thermoplastic at 180 °C to ensure a good rate of heat transfer to allow the thermoplastic
to reach a low enough viscosity to thoroughly wet-out the fibres. The time allowed for
the wet-out process was unknown, therefore, the experiment was monitored and a record
of the time kept.
4.2.2 Hand Layup Hot-press Consolidation
The second method created a consolidated square panel by laying up PHBV powder and
fibres layer-upon-layer, then consolidating it in a hot-press to form a square section 2mm
thick. To achieve this, square sections 250 by 250 mm were cut out of the fibre rolls for
layup. The thickness and weight of the fibre layers were measured. The number of fibre
layers needed for the 2mm consolidated sheet was calculated with an approximation of
how much the matrix would contribute to the overall thickness. The matrix was weighed
out according to the predetermined fibre weight content of 50% and 40%. After the
amount of fibre layers and correct amount of PHBV was weighed, a layup of matrix
and fibres proceeded. In the case of unidirectional Flax fibres, the layup was alternated
between 0 and 90 degrees ensuring symmetry about the middle layer. The layup was then
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sandwiched between two steel plates with a 2mm thick steel frame as seen in Figure 4.2.
This was then placed into the hot-press at 180 degrees, slowly pressed to a maximum of
four tonnes of pressure for a 5 minute heat cycle.
(a) Steel plates for layup (b) Hot-press
Figure 4.2: Set-up for hot-press consolidation approach
4.3 Results
4.3.1 Organosheet Panels
Figure 4.3 shows the resulting organosheets produced using the two methods: convection
oven single laminate (Figure 4.3a) and consolidated hand layup using a hot-press (Figure
4.3b). Figure 4.3a shows that the PHBV powder partially melted and conglomerated
into small patches on the surface of the fibres. Figure 4.3b shows an even consolidation,
wet-out and surface finish using the layup hot-press method.
4.3.2 Organosheet Samples Using Hot-press
Figure 4.4 shows laser cut square samples of each fibre-matrix combination which have
been produced using method two (hot-press hand-layup). The figure shows a good surface
finish across all samples and fibre types, with an even distribution of PHBV. In Figure
4.5 the cross-sections of the Flax and Jute reinforced composites show a good distribution
of PHBV throughout the fibre layers. However, with both Hemp and Kenaf chopped-
strand-mat reinforcements the figure shows that the PHBV has not penetrated the fibres
and has only crystallised on the outer surfaces of the fibres. In addition, the surfaces of
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(a) First Method: Convection oven (b) Second Method: Layup hot-press
Figure 4.3: Resulting organosheets of the two tested methods
the Jute and especially Kenaf and Hemp fibres are not flat but warped. Table 4.3 outlines
the measured values of fibre weight, matrix weight, number of layers and thicknesses of
each consolidated hot-pressed sample.
(a) Flax 50 wt% (b) Jute 50 wt% (c) Hemp 50 wt% (d) Kenaf 50 wt%
(e) Flax 60 wt% (f) Jute 60 wt% (g) Hemp 60 wt% (h) Kenaf 60 wt%
Figure 4.4: Consolidated Natural Fibre PHBV Organosheets
4.3.3 Processing Parameters of The Hot-pressed Samples
Figure 4.6 shows parameters such as temperature, pressure and time of the hot-pressing
process. The values for ’Temp L’ and ’Temp U’ are the temperatures for the lower and
upper press plates.
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Figure 4.5: Stacked Cross-sections of Consolidated Organosheets
Table 4.3: Measured Values for Consolidated Hot-Press Samples
Fibre
Weight
(g)
Thickness
(mm)
Fibre
Weight
Content
(%)
Layers
Total
Fibre
Thickness
(mm)
Total
Fibre
Weight
(g)
Total
Matrix
Weight
(g)
Total
Weight
(g)
Actual
Weight
(g)
Final
Thickness
(mm)
FLAX UD 9.6 0.35 40 5 1.75 47.3 70.95 118.25 115 1.98
Jute PW 21 0.93 40 2 1.86 42 63 105 102 2.1
Kenaf CSM 22 1.8 40 1 1.8 22 33 55 53 1.91
Hemp CSM 27.5 1.8 40 1 1.8 27.5 41.25 68.75 67 2
Hemp CSM 27.3 1.8 50 1 1.8 27.3 27.3 54.6 53 1.94
Kenaf CSM 22 1.8 50 1 1.8 22 22 44 43 1.89
Jute PW 21.4 0.9 50 2 1.8 42.8 42.8 85.6 84 1.9
FLAX UD 8.89 0.33 50 5 1.7 44.45 44.45 88.9 88 1.98
Figure 4.6: Processing parameters for method two: Hot-press
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4.4 Discussion
The results of the two methods investigated to produce an organosheet sample in the
laboratory show that it is not viable to create an organosheet using PHBV powder in a
convection oven. However, the second method to create a consolidated organosheet panel
using a hand-layup and hot-press produced good samples which can be used for mechan-
ical properties testing.
4.4.1 Convection Oven Approach
The convection oven approach was not able to uniformly heat the PHBV to its melting
temperature, even when set at 200 °C at 10 - 20 minutes processing time. This approach
failed to wet-out a single reinforcement of Flax fibres, instead the PHBV powder con-
glomerated as if being sintered on the surface of the fibres.
The conglomeration may be the result of the high viscosity characteristics of ther-
moplastics when melted. Without the aid of external pressure, the melted thermoplastic
was unable to freely move a sufficient distance into the fibres due to its high viscosity and
simply conglomerated together to form small patches on the surface. In addition, poor
heat transfer through convection, rather than radiation (which is the preferred heating
method for processing organosheets in industry) may have not been sufficient to heat the
bulk PHBV to its melting point but rather smaller individual particles.
While additional time or higher temperatures may have allowed the bulk PHBV
to fully melt, this would not be well representative of actual processing conditions an
organosheet would undergo. Thermal degradation of the natural fibres may also occur
due to longer processing times and additional heating. Thus, this method was not used
to make samples for mechanical properties testing.
4.4.2 Hot-press Consolidation Approach
The second approach was successful in creating samples which could be used for mechan-
ical properties testing of biodegradable organosheets. Using a handlayup approach with
a hot-press allowed considerable pressure to be applied at the processing temperature
required for PHBV.
There is an even surface finish on all samples due to the smooth plating used
in the press. This approach enabled more control over the fibre/matrix weight contents
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of each sample as the plates helped keep flowing PHBV from exiting the hot-press. The
consolidation was also achieved within a realistic processing scenario regarding tempera-
ture, pressure and time. Figure 4.6 shows the processing time at 180 °C to be 3 minutes
at 0.7 MPa. Therefore, this method was used to create further samples for mechanical
properties testing.
4.4.3 Hemp and Kenaf Chopped Strand Mat Wet-out
The chopped strand mat samples are not flat but warped. This is a sign of residual
stresses in the consolidated sheet. These stresses may have been created during the re-
crystallisation process on the cool down cycle when the pressure was released too early at
approximately 50 °C. The resulting cross-sections of the Kenaf and Hemp fibres also show
that the PHBV failed to wet-out the fibres beyond the surface of the mat reinforcement.
This could have also contributed to the warped surface.
More importantly, the hot-press process was conducted under considerable pres-
sure, yet failed to wet out the chopped strand mat samples. This result indicates that it
may be very difficult to achieve an organosheet product using the organosheet machine
designed, as there is far less external pressure applied to the sheet while the PHBV is at
its processing temperature. To achieve a thorough penetration of PHBV thermoplastic
into a chopped strand mat reinforcement, a Solution Impregnation Process as described
in section 2.5.1 would be more suitable to achieve fibre wet-out. However, for this type
of reinforcement, the extra complication may not be worth it if the powder and short
fibres can be pelletised and used in an extrusion or compression moulding process to
produce parts. Therefore, the Kenaf and Hemp samples created using this process were
tensile tested, however, the results obtained may not be representative of what could be
achievable due to the lack of fibre impregnation.
4.4.4 Flax and Jute Woven Fibre Wet-out
Due to these fibres being in fabric form (unidirectional for Flax and plain-weave for
Jute), the melted PHBV was able to more easily flow between the gaps of each tow
and consolidate the layers of fibre reinforcement. In contrast to the chopped strand mat
reinforcement, these woven fibres show far less warping due to a more controlled fibre
orientation and the PHBV being evenly crystallised surrounding the fibre structures. It
is evident that woven fabric reinforcements more easily wet out with the powder PHBV
under pressure at 180 °C. Therefore, woven fabrics are more likely to succeed in creat-
ing well wetted organosheets with spring loaded pressure rolls and an IR heater on the
organosheet machine.
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4.5 Conclusions
The results of this investigation suggest that:
1. Convection heating approach to achieve fibre wet-out using thermoplastics is not
feasible.
2. Due to the low viscosity of melted thermoplastics (in this case PHBV), it is es-
sential to help fibre wet-out through the application of pressure to manufacture an
organosheet.
3. It will not be feasible to produce chopped strand mat organosheets using the pro-
posed design, as it is difficult to achieve fibre wet-out even under considerable pres-
sure (0.7 MPa) at the processing temperature of PHBV.
4. To achieve chopped strand mat organosheets a method such as Solution Impregna-
tion Process is recommended as the mat fibres would be submerged into a bath of
dissolved thermoplastic.
5. Chopped strand mat Hemp and Kenaf PHBV samples will be used for tensile testing,
however the results obtained may not be representative of what could be achievable
due to the lack of fibre impregnation.
6. The wet-out of woven fibres under pressure in a hot-press produced a well formed
organosheet laminate which can be used for tensile testing.
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Chapter 5
Organosheet Tensile Testing
5.1 Introduction
Natural fibre organosheets are used to make various non-structural components in the
automotive industry. However, these organosheets mainly use poly-propylene, a low cost,
low performing non-biodegradable thermoplastic. This section aims to identify and com-
pare the mechanical properties achievable with natural fibres and a biodegradable ther-
moplastic (PHBV) by conducting tensile testing of the organosheets made in Chapter 4.
The results were aimed at determining the potential applications of these biodegradable
organosheets in industry.
5.1.1 Organosheets Tested
As described in Chapter 4, eight organosheets were made for tensile testing. The organosheets
were made using four types of natural fibres and PHBV thermoplastic. For each natural
fibre an organosheet was made with a fibre weight content of 40 and 50 %. Table 4.1 out-
lines the properties of these natural fibres. In addition, Table 4.2 outlines the properties
of the PHBV thermoplastic used. A summary of the fibre/matrix, fibre weight % and
layup of each composite tested is outlined in Table 5.1.
Table 5.1: Organosheets Tested
Fibre/Matrix Fibre Type
Fibre
Weight %
Layers Layup
Mean
Thickness (mm)
Flax UD/PHBV Unidirection 50 5 [0,90,0,90,0,90,0] 1.975
Flax UD/PHBV Unidirection 40 5 [0,90,0,90,0,90,0] 2.012
Jute PW/PHBV Plain Weave 50 2 N/A 1.918
Jute PW/PHBV Plain Weave 40 2 N/A 2.212
Kenaf CSM/PHBV Chopped Strand Mat 50 1 N/A 1.796
Kenaf CSM/PHBV Chopped Strand Mat 40 1 N/A 1.852
Hemp CSM/PHBV Chopped Strand Mat 50 1 N/A 1.838
Hemp CSM/PHBV Chopped Strand Mat 40 1 N/A 2.024
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5.2 Methods
ASTM D638-10 Standard Test Method for Tensile Properties of Plastics was used to test
the tensile properties of each natural fibre PHBV specimen. A description of the testing
conditions and apparatus are:
 Method Description:
– Tensile Test with Video Extensometer
– 1000N Load Cell
– Pneumatic Grips-Flat Samples
– AVE-60mm FOV Lens
 Date of Test: 11 September 2017
 Cross Head Speed: 1.00mm/min
 Temperature: 23 °C
 Humidity: 40%
 Number of Specimens Tested: 5 specimens per composite material
 Specimen Preparation: Laser cut to shape
5.2.1 Type of Test Specimen and Dimensions
The specimens tested were Type V - Dogbone with dimensions shown in Figure 5.1 and
an example of a Flax specimen in Figure 5.2.
5.2.2 Procedure
1. The width and thickness of each specimen was measured at the centre of the dog-
bone to the nearest 0.025mm using Vernier Callipers.
2. Two designated points were marked within the gauge length (7.62mm) of each test
specimen so that the axial strain could be measured using a video extensometer, in
addition to recording load and strain through the instrument.
3. The specimen was placed in the pneumatic grips of the testing machine, ensuring
that the long axis of the specimen is aligned with the grips and the grips held on-to
the gripping surfaces of the specimen.
4. A record of the load-extension and video-extension curve of each specimen was
obtained.
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Figure 5.1: ASTM D638-10 Type V - Dogbone Specimen
Figure 5.2: Flax 50/50 Type V Dogbone Specimen Laser Cut
5.3 Results
The results for tensile stress versus tensile strain for each composite are presented in Fig-
ure 5.3. Table 5.2 shows the data collected for the tensile strength of each composite.
Table 5.3 presents the values of percentage elongation at break for each composite. Table
5.4 shows the calculated Young’s modulus of each composite based on ranges of strain val-
ues corresponding to the most linear portion of each stress-strain curve listed in Table 5.5.
For each composite five specimens were tested. However, due to a failure of
the video strain extensonometer to record data correctly for some measurements (large
sudden negative strain values), the results of some specimens have been discarded. Refer
to appendix section 2.4.1, which presents the raw data for each specimen tested including
data for incorrect measurements of specimens.
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(a) Flax 50/50 (b) Flax 60/40
(c) Jute 50/50 (d) Jute 60/40
(e) Hemp 50/50 (f) Hemp 60/40
(g) Kenaf 50/50 (h) Kenaf 60/40
Figure 5.3: Tensile Stress vs Tensile Strain (Video Axial Strain)
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Table 5.2: Tensile Stress at Maximum Load [MPa]
Composite
(Matrix/Fibre)
Mean
Standard
Deviation
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
Flax 50/50 124.85 4 128.35 128.25 121.05 121.75 N/A
Flax 60/40 96.33 1.88 97.66 N/A 95 N/A N/A
Jute 50/50 23.49 1.26 23.21 21.86 22.27 23.24 25.25
Jute 60/40 31.97 4.72 28.34 31.42 38.72 34.37 27.02
Hemp 50/50 9.81 2.38 N/A 6.56 12.11 10.87 9.73
Hemp 60/40 16.14 1.25 16.3 15.36 17.18 17.44 14.44
Kenaf 50/50 10.59 1.23 8.79 11.55 10.12 10.62 11.87
Kenaf 60/40 10.04 6.79 8.1 21.11 3.61 6.12 11.28
Table 5.3: Percent Elongation at Break (Video Axial Strain) [%]
Composite
(Matrix/Fibre)
Mean
Standard
Deviation
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
Flax 50/50 2.63 0.26 2.4 2.8 2.9 2.4 N/A
Flax 60/40 2.50 0.7 2 N/A 3 N/A N/A
Jute 50/50 2.18 0.61 2.2 N/A 1.5 2.7 2.3
Jute 60/40 2.00 0.51 1.5 2.7 1.9 1.5 2.3
Hemp 50/50 1.19 0.26 N/A 0.87 1.2 1.5 1.2
Hemp 60/40 1.50 0.32 1.2 1.6 1.7 1.9 1.2
Kenaf 50/50 1.40 0.85 0.82 2.2 2.5 0.68 0.84
Kenaf 60/40 1.10 0.41 0.99 1.5 1.5 0.63 0.79
Table 5.4: Young’s Modulus [MPa]
Composite
(Matrix/Fibre)
Mean
Standard
Deviation
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
Flax 50/50 4306 578.6 4660 4408 3460 4697 N/A
Flax 60/40 3833 1676.4 5019 N/A 2648 N/A N/A
Jute 50/50 3267 575.6 3518 2781 3323 2648 4067
Jute 60/40 4553 338.9 4030 4840 4635 4836 4424
Hemp 50/50 3836 4012.7 N/A 1026 3411 1269 9636
Hemp 60/40 2076 194.5 2323 2102 1867 1895 2191
Kenaf 50/50 1145 505.9 1211 904 644 N/A 1819
Kenaf 60/40 1331 744.2 1155 2141 372 967 2021
Table 5.5: Video Axial Strain Values for Young’s Modulus Calculations [%]
Composite
(Matrix/Fibre)
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
Flax 50/50 0.5-2.0 0.5-2.0 0.5-2.0 0.5-2.0 N/A
Flax 60/40 0.5-2.0 N/A 0.5-2.0 N/A N/A
Jute 50/50 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2
Jute 60/40 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2 0.0 - 0.2
Hemp 50/50 N/A 0.0 - 0.5 0.0 - 0.2 0.5 - 0.85 0.6 - 1.2
Hemp 60/40 0.1 - 0.5 0.1 - 0.5 0.1 - 0.5 0.1 - 0.5 0.1 - 0.5
Kenaf 50/50 0.1-0.6 1.2-1.7 0.5-1.3 N/A 0.1-0.5
Kenaf 60/40 0.35-0.75 0.0-0.75 0.25-0.77 1.0-1.5 0.0-0.43
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The mean values for tensile strength, % elongation to break and Young’s modulus
for the four natural fibres are compared in Figure 5.4.
(a) Tensile Strength (b) Elongation to Break
(c) Modulus
Figure 5.4: Comparison of Natural Fibre Performance
5.4 Discussion
5.4.1 Stress-strain Responses
The stress-strain response of the Flax specimens (both matrix/fibre weight contents of
50/50 and 60/40) show a relatively steep initial curve which settles to a linear response
from 0.5 to 2.0% strain. Since the ply orientation of the laminate was [0,90] symmetric,
the initial stiffness response may have been the result of the 90 degree plies taking some
load because they were not exactly orientated at 90 degrees during hand layup. There-
fore, the strain range of 0.5 to 2.0% was chosen to calculate the longitudinal modulus of
these composites. In comparison to the Flax specimens the Jute reinforcement produced
a greater non-linear response. The linear response of the Jute specimens existed in a
smaller range of strain values from 0-0.2% video axial strain.
Three of the Flax 60/40 specimens recorded errors in video strain measurements,
therefore, these results were discarded. This leaves a sample size of two for the Flax 60/40
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results. Thus, these results may not be representative of the material properties for a Flax
60/40 [0,90] composite, so the results must be taken with caution and further testing is
recommended.
The chopped strand mat Hemp and Kenaf specimens both produced widely vary-
ing stress-strain responses. This is due to the result of the manufacturing of these spec-
imens, where the PHBV did not fully wet-out the fibres but simply solidified on the
surfaces of the mat reinforcement like a sandwich structure. When these specimens were
placed under tensile loading, one side would take more load than the other, causing shear
to take place in the centre of the reinforcement where there is no matrix. This caused
one side of the specimen to break first, then the other side would take up the load, finally
breaking soon after. This is evident in the stress-strain response for these reinforcements
(Figures 5.3 e-h) where the stress reaches a maximum before failing, then picking back
up again as the non-broken side takes the load.
The Hemp 60/40 results show the most consistent response across each of the
chopped strand mat specimens. However, the validity of the results obtained for all cases
of chopped strand mat reinforcements is questionable due to the large variance in results
indicated by the standard deviation values relative to the mean, and the composites not
achieving full wet-out, the characteristics are thus more representative of a sandwich
structure.
5.4.2 Comparison of Natural Fibre Performance
The Flax fibres outperformed the Jute fibres most notably in tensile strength. The Flax
50/50 specimen was capable of reaching a tensile strength of 125 MPa, 3.9 times that of
the Jute 60/40 specimen. This is within the range of some cast aluminium alloys [16].
Flax also produced a larger elongation to break with the Flax 50/50 recording 2.63%
versus 2.18% from the Jute 50/50. However, the Flax fibres showed a more brittle failure
response as there is little change in the rate of elongation before failure when compared
with the Jute fibres.
The Jute 60/40 had the highest modulus at 4.55 GPa, followed by the Flax 50/50
at 4.3 GPa. The Jute 60/40 specimens out-performed the Jute 50/50 specimens. This
result is explained by comparing directly the manufacturing of the Jute specimens. Both
50/50 and 60/40 specimens were made using two fibre layers, differing only by a small
amount in thickness yet 10% matrix weight content. Thus, a larger weight % of PHBV in
the Jute 60/40 case during manufacturing may have enabled lower void content, better
interface bonding between matrix and fibres and inter lamina bonding, resulting in higher
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values for tensile strength and modulus than the 50/50 specimens.
The performance for the chopped strand mat Hemp and Kenaf specimens are
similar. However, since the results vary widely and due to their sandwich structure as a
result of their manufacturing, the results are not representative of a fully wetted chopped
strand mat Hemp and Kenaf PHBV organosheet. The values which are obtained through
testing for tensile strength, elongation to break and modulus are below the expected val-
ues for the matrix (PHBV) alone. This result indicates that the fibres played very little
role in the performance of the composite. In addition, the cross-sectional area used to
calculate these values was too large, since the load was primarily taken up by either side
of the organosheet where the PHBV had solidified.
Since both Hemp and Kenaf specimens faced this problem, it is possible to make
a general comparison of the fibres. Thus, it can be stated that Hemp performed better
than the Kenaf specimens for tensile strength, elongation at break and modulus results
on average.
5.4.3 Comparison With Available Organosheet Products
Natural fibre and Glass fibre poly-propylene (PP) organosheets are used primarily in the
automotive industry for non-structural and semi-structural components. Therefore, the
performance of these organosheets provide a benchmark for what is required of Flax or
Jute PHBV organosheet to replace non-biodegradable composites. Section 2.4.1 outlines
various Flax and Glass fibre PP organosheets from Biotex and Dynalite composites. While
these composites are twill weaved, the longitudinal tensile modulus and strength can be
used as a reference for comparison.
Biotex reports a Flax 2x2 Twill/PP with fibre volume fraction of 40% achieving
a tensile modulus and tensile strength of 8.1 GPa and 64 MPa respectively. Furthermore,
Dynalite reports a Glass 2x2 Twill/PP with fibre volume fraction of 47% achieving a
tensile modulus and tensile strength of 20.5 GPa and 400 MPa respectively. These results
indicate higher stiffness than the Flax PHBV specimens [0,90] layup (4.3 GPa) and Jute
plain-weave (4.5 GPa) tested, particularly for the Glass fibre PP. However, the tensile
strength of the Flax 50/50 specimens (124 MPa) is significantly higher than the Flax/PP
(64 MPa) Biotex organosheets. The modulus and tensile strength of PHBV is similar
to that of PP, and since the tensile strength of the composite is mainly dominated by
the fibres, this result may suggest that the Flax fibres used in the two composites have
different properties.
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Overall Flax and Jute PHBV organosheets perform well when compared against
Flax/PP non-biodegradable alternatives. Glass/PP outperforms these organosheets, how-
ever to compare these in terms of specific properties, the difference may become more even.
The biggest disadvantage for biodegradable organosheets such as Flax/PHBV in replacing
Flax/PP would thus be the economic incentive to do so since similar properties can be
achieved, but are far cheaper when using PP.
5.5 Conclusions
The results of this investigation suggest that:
1. The failure of the video extensonometer to record data correctly for some measure-
ments led to some results being discarded. This throws into question the statistical
rigour of some results, such as those for Flax 60/40 where the sample size is only
two. It is therefore recommended that additional testing be undertaken.
2. The chopped strand mat specimens (Hemp and Kenaf) produced widely varying
stress-strain responses due to the manufacturing process which was not able to
produce a fully wetted organosheet. These results resembled more of a sandwich
structure than a composite, however, a fair comparison of the two chopped strand
mat fibres show that Hemp performs better than Kenaf regarding modulus, tensile
strength and elongation to break.
3. The Flax 50/50 specimen performed very well regarding tensile strength, reaching
124 MPa, within the range of some cast aluminium alloys.
4. Flax and Jute PHBV biodegradable organosheets show potential to perform as well
as Flax/PP organosheets used in industry. In contrast, Glass/PP outperforms the
biodegradable organosheets easily. However, if specific properties were considered
these results may become more even due to the high specific properties of natural
fibres.
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Chapter 6
Conclusion
Organosheets give fibre reinforced composites processing characteristics akin to sheet met-
als. For industries such as automotive, organosheets enable a cost-effective progression
from traditional engineering materials to higher performing composites. The type of
organosheets used in the automotive industry and their applications predominantly in-
volve glass fibres or natural fibres in a polypropylene matrix used for semi-structural and
non-structural parts. Aspects regarding materials such as renewable sourcing, volatility
in oil prices, recycling, marketing incentives and consumer demand for more sustainable
products has seen the development and renewed interest in composites using biodegrad-
able plastics and natural fibres.
This thesis consisted of two main goals; to develop a capability to manufacture
organosheets within UQ Composites by retrofitting appropriate components to an exist-
ing IR heat rack; and to identify the potential use and processing parameters of various
biodegradable organosheets using natural fibres and PHBV thermoplastic. To achieve
these goals, available organosheets, their applications and mechanical properties, natural
fibres and biodegradable thermoplastics, how aspects of composite materials affect their
performance and current methods of organosheet processing were researched. In addi-
tion, several biodegradable organosheets using natural fibres such as Flax, Jute, Hemp
and Kenaf reinforced into a matrix of PHBV were produced in a laboratory setting.
These samples were then tensile tested to compare performance with current automotive
organosheets such as glass and natural fibre polypropylene.
Research found that natural fibres have mechanical properties which can be com-
pared most closely with glass fibres. Most importantly, natural fibres have high spe-
cific properties such as stiffness and strength, are sustainably sourced and biodegradable.
However, it was found that their mechanical properties vary widely depending on growing
conditions which makes it difficult to make reliable components for structural parts where
safety is a priority. In regards to their use in composites, natural fibres present difficulty
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in obtaining good interfacial bonding due to their hydrophilic nature versus hydrophobic
nature of many thermoplastic matrices. Furthermore, the combinations of natural fibres
and thermoplastics is limited to the maximum processing temperature of the fibres (typi-
cally 150 - 200 °C) as heat degradation can significantly reduce the mechanical properties
of natural fibres.
Biodegradable thermoplastics such as PLA and PHA were found to be relatively
new to the composites industry. There are very few products available to the market,
Flax or Jute PLA organosheets were available but none could be found using PHA. In
the context of automotive organosheets, these thermoplastics have good mechanical prop-
erties and can be sustainably produced using renewable resources such as corn starch or
potatoes in the case of PLA and through bacterial fermentation of sugars in the case
of PHA. Their biggest disadvantage was found to be their cost. The price of PHA and
PLA is 5 and 2.5 times that of PP respectively. Therefore, while these thermoplastics
have comparable mechanical properties and are sustainable, there is a lack of an economic
incentive for industry to use them at this price gap.
It was found that there are four main ways to produce organosheets; solution im-
pregnation process, semi-prepregging, commingled fabrication and powder coating. Re-
garding the goal of this thesis to design a machine to manufacture organosheets, these four
ways are in general out of scope for a design option due to the requirement to incorporate
a way to produce organosheets using woven fabrics, powdered thermoplastic and an IR
heat source. However, the key goal of each of these processes was found to be to mitigate
the low viscosity of thermoplastics by reducing the distance needed for thermoplastic to
travel or by helping consolidation through assisted pressure to ensure a good fibre matrix
wetting.
The designed organosheet machine will achieve thermoplastic impregnation by
spreading thermoplastic powder onto the fibres using powder sieves, where IR heaters
will bring the thermoplastic to its melting temperature before being squeezed further into
the fibres through spring loaded rollers. The process will be driven by synchronised servo
motors attached to the powder sieves and a stepper motor attached to a main roller to
adjust fibre matrix weight contents and processing speeds. Parts for this design have been
purchased, required parts such as the structural brackets and bearing brackets have been
manufactured, and construction of the machine can begin. However, a comprehensive de-
sign of the powder sieve system and its interface with a computer has not been finalized.
The experimentation of biodegradable organosheets using Flax, Jute, Hemp and
Kenaf natural fibres reinforced in PHBV thermoplastic powder provided insight into how
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the machine might perform. The findings of this experiment indicate that it will not be
viable to produce organosheets using chopped strand mat type fibres, as full wet-out of
these fibres under considerable pressure was not achievable. Instead these types of fibres
should use a solution impregnation process to produce organosheets. Furthermore, there
may be an issue of thermoplastic powder conglomeration due to its low processing viscos-
ity when being heated on the surface of the fibres. But these results were obtained using
a convection heating approach and may not be representative of radiative heating.
The biodegradable organosheet specimens created in the experimentation process
were tensile tested using ASTM D638-10 tensile testing standards. The results obtained
through this test showed that Flax PHBV specimens performed the best in comparison to
Jute fibres. The performance was comparable to Flax PP organosheets used in industry.
In contrast with glass fibre PP organosheets, the Flax PHBV specimens did not achieve
comparable results and would not be able replace these organosheets for semi-structural
automotive components. However, data for some of the specimens failed to record prop-
erly due to video extensometer errors which reduced the sample size of the test. This
raises statistical doubt over the validity of the results due to high standard deviations for
longitudinal modulus and tensile strength with respect to the mean result.
Therefore, the work conducted in this thesis presents an organosheet machine
design ready for construction and optimisation, and demonstrates that there is viability
in the mechanical properties of biodegradable organosheets, in particular Flax or Jute
PHBV to replace natural fibre PP components for a more sustainable material selection
in the automotive industry.
6.1 Recommendations
The following actions are recommended to progress this research further and to complete
the organosheet machine construction and optimisation.
1. It is recommended that an IR heat lamp be procured to conduct an experiment
similar to that described in Chapter 4 (making organosheets using natural fibres
and PHBV) to test if fibre wetting is achievable via IR heating of powder coated
fibres. This will help understand how the organosheet machine will perform.
2. Construction of the roller-frame, drive roller, tensioner rollers, consolidation rollers
and spring load assemblies can begin, as the parts have been procured or manufac-
tured.
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3. If successful, the powder dispenser concept to use powder sieves should be adapted
on a larger scale so that thermoplastic powder does not need to be re-filled into
individual sieves. Rather a vat structure on top of the powder sieves which could
hold much more thermoplastic and feed into each sieve would be recommended.
4. The biodegradable nature of PHBV natural fibre composites was overlooked in this
thesis. It is recommended that tests be carried out to determine how quickly and
in what environments such a composite will biodegrade, as this will most probably
decrease the composites performance. Such research will broaden the knowledge of
where a composite such as Flax/PHBV can be used in application.
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A.1 Organosheet Machine Drawings
A.1.1 Brackets
Rack Mounting Bracket
Dimensions for the rack mounting bracket are shown in Figure A.1. The purpose of the
rack mounting bracket is to support the weight of the roller frame and allow the roller
frame to be connected to the IR rack at various vertical heights.
Figure A.1: Rack Mounting Bracket
Spring Bracket
An overview for the spring bracket are shown in Figure A.2. The purpose of the spring
bracket is to act as a lever arm and spring connection to provide a consolidating force to
help fibre/matrix wet-out.
Structural Bracket 1,2 & 3
Structural bracket 1,2 and 3 shown in Figure A.3 are used to connect 60x60 aluminium
extrusions together to form the Drive Roller Frame.
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Figure A.2: Spring Bracket
(a) 1 (b) 2
(c) 3
Figure A.3: Structural Brackets 1,2 & 3
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A.2 List of Purchased Components Source
A list of components which have been purchased for the construction of the organosheet
machine design is presented in Table A.1.
Table A.1: Table of Purchased Components Source
COMPONENT MODEL # SOURCE
1 Bore Bottom Tapped Pillow Block 535170 https://www.servocity.com/1-bore-pillow-block
Aluminium Clamp Collars 6157K18 https://www.servocity.com/aluminum-clamp-collars#368=224
Metal Mate Steel Round Tube 5504
https://www.bunnings.com.au/metal-mate-25-4-x-1-2-3m-
galvanised-steel-round-tube p1130457
PVC Pipe Holman 65mm x6m DWV Pipe DWV50
https://www.bunnings.com.au/holman-65mm-x-3m-dwv-pipe
p4770353
PVC Pipe Holman 150mm x1m DWV Pipe DWV150
https://www.bunnings.com.au/holman-150mm-x-1m-pvc-dwv
-pipe p4770092
Ply Wood Panel HPRE030120080BX
https://www.bunnings.com.au/project-panel-897-x-600-x-12m
m-bc-plywood p0390155
90 degrees Bracket BAH35G
https://www.bunnings.com.au/dunnings-65-x-65-x-65-x-5mm-
m12-galvanised-angle-bracket p1070085
6-32 UNC Screws
https://www.servocity.com/6-32-18-8-stainless-steel-hex-drive
-rounded-head-screws
M10 x 130mm Bold and Nut BTC0130
https://www.bunnings.com.au/zenith-m10-x-130mm-galvanise
d-hex-head-bolt-and-nut p2449014
Angle Bracket for Drip Tray RAB1502
https://www.bunnings.com.au/carinya-150-x-20-x-20-x-2mm-
zinc-plated-reinforcing-angle-bracket p3961854
Powder Sieves KMART
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Appendix B
B.1 Tensile Test Data
Raw tensile test data obtained for conducting tensile tests on various bio-degradable
PHBV organosheets with fibres such as; flax UD, Jute PW, chopped strand mat Hemp
and Kenaf are presented here. These results are discussed in Chapter 5 in detail. Data
which has been omitted from Chapter 5 due to errors in collection is presented.
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B.1.1 Flax - 50 Fibre Weight %
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B.1.2 Flax - 40 Fibre Weight %
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B.1.3 Jute - 50 Fibre Weight %
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B.1.4 Jute - 40 Fibre Weight %
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B.1.5 Hemp - 50 Fibre Weight %
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B.1.6 Hemp - 40 Fibre Weight %
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B.1.7 Kenaf - 50 Fibre Weight %
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B.1.8 Kenaf - 40 Fibre Weight %
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